Study design Longitudinal cohort study. Objective To explore the longitudinal association of baseline vitamin D levels with 1-year change in physical function outcomes in people with chronic spinal cord injury (SCI). Setting Rehabilitation institute. Methods Sixty-seven patients (44 men and 23 women) with chronic SCI admitted to a rehabilitation program were included. Functional independence in daily living activities (as evaluated by the Spinal Cord Independence Measure version III, SCIM III) and leisure time physical activity (LTPA) were assessed as measures of physical function at the admission and reassessed 1-year later. Comorbidity was scored by Charlson comorbidity index (CCI). Results A 1-year worsening in SCIM and LTPA were registered in 44 and 40 patients (66% and 60% of the study population), respectively. They exhibited significantly lower baseline 25(OH)D levels, higher CCI, and shorter distance from the injury. At the multiple linear regression analyses, lower baseline 25(OH)D levels exhibited a significant independent association with higher percentages of 1-year worsening in both SCIM and LTPA. At ROC analysis, baseline 25(OH)D levels <18.6 and <18.2 ng/mL discriminated individuals with 1-year worsening in SCIM and LTPA, respectively. According to these cut-off points, at the multiple logistic regression analysis, patients with low baseline 25(OH)D levels exhibited an OR of worsening in SCIM and LTPA engagement 2.8-and 2.6-fold higher, after adjustment for CCI, distance from injury, and post-follow-up 25(OH)D levels. Conclusions In people with chronic SCI, a low 25(OH)D level may represent an independent predictor of worsening in physical function outcomes over time.
Introduction
Growing evidence supports widespread pleiotropic activities of vitamin D beyond its pivotal role in bone health and calcium homeostasis. Vitamin D receptor (VDR) is almost ubiquitously expressed in human cells and regulates the expression of genes involved in several cell functions [1] . Accordingly, observational clinical studies have demonstrated significant associations between low 25-hydroxyvitamin D (25(OH)D) levels and a wide spectrum of chronic diseases.
Several lines of evidence, from both basic and clinical research, also support an involvement of vitamin D pathway in skeletal muscle health and function [2] . The VDR has been demonstrated in human myoblasts [3] and adult skeletal muscle [4] , where its activation triggers signaling pathways and expression of genes regulating calcium homeostasis, proliferation, and differentiation of muscle cell [2] . Overall, these findings provide biological plausibility for the hypothesis of a direct activity of vitamin D in skeletal muscle physiology.
Most clinical studies exploring the relationship between vitamin D and muscle function have focused their attention on older populations, exhibiting a high risk of vitamin D deficiency. In the elderly, indeed, observational studies have demonstrated an independent association of low 25(OH)D levels with high risk for falls [5, 6] , as a measure of global physical function. A causal link of hypovitaminosis D with poor muscle health and physical function has been suggested by meta-analyses of randomized intervention controlled trials, showing a significant, albeit small, improvement in muscle strength [7] and a decreased risk of falls [8] in older people with 25(OH)D deficiency, following vitamin D and calcium co-administration. Nevertheless, cross-sectional and longitudinal studies exploring the independent association of 25(OH)D levels with composite muscle performance outcomes have produced conflicting results [5, [9] [10] [11] [12] .
People with chronic spinal cord injury (SCI) are especially susceptible to vitamin D deficiency, even more than elderly population, because of a number of reasons, such as fat mass accumulation (which lowers the bioavailability of the fatsoluble vitamin D), inadequate sunlight exposure, coexisting illness, and intake of medications interfering with vitamin D metabolism [13] . Accordingly, a high prevalence of vitamin D deficiency has been reported in this population [13] [14] [15] [16] , where, however, the relationship between vitamin D and physical function remains poorly investigated. In a series of 100 individuals with chronic SCI, we recently demonstrated a cross-sectional independent association of 25(OH)D levels with both independence degree in performing activities of daily living (ADL) and leisure time physical activity (LTPA), as measures of physical function outcome after SCI [15] . Indeed, an interplay between vitamin D deficiency and physical function impairment could be particularly plausible in these patients. Disability and muscle wasting hinder the functional independence in ADL and the engagement in LTPA, leading to poor sunlight exposure and increased adiposity with subsequent inadequate biosynthesis of cholecalciferol in the skin and increased sequestration of 25(OH)D in the fat. The resultant vitamin D deficiency could in turn directly affect skeletal muscle health, thus contributing in worsening physical function. Obviously, a study with a cross-sectional design cannot ascertain the directionality of the associations under investigation.
In this study we explored, in a 1-year longitudinal analysis, whether low baseline 25(OH)D levels could be independent predictors of subsequent decline in functional independence degree in ADL and LTPA in people with chronic SCI.
Methods

Study population and design
Over a period of 2 years, all patients consecutively admitted to a rehabilitation program at the Spinal Unit of San Raffaele Institute of Sulmona were screened for inclusion criteria: (1) traumatic SCI, (2) duration of injury >1 year (chronic SCI), and (3) absence of acute or chronic severe coexisting illnesses and/or clinical instability hindering the rehabilitative program. Patients taking vitamin D supplements at the first admission (n = 7) were also excluded. Overall, we enrolled 100 patients representing the study population where we recently explored the cross-sectional association between 25(OH)D levels and physical function outcome [15] . All participants were requested to sign a written informed consent at the first admission, and the study was approved by the local ethics committee (ASL 1 Abruzzo). All applicable institutional and governmental regulations concerning the ethical use of human participants were followed during the course of the study.
Of the original cohort (n = 100), 67 patients (44 men and 23 women; mean age ± SD, 55.5 ± 33.5 years), who were reassessed 1 year later (when they were admitted to their annual routine rehabilitation program), made up the analytical sample of the present longitudinal study, after the exclusion of 33 patients who did not come to our Institute again the year after (24 patients were admitted to a rehabilitation program elsewhere and 9 patients were unreachable).
At the first admission, patients underwent clinical-biochemical evaluations and assessment of physical function outcomes, as described below.
The presence and severity of significant medical comorbidity were also scored using a web-based calculator (http:// www.pmidcalc.org/?sid=7722560&newtest=Y##ath) of the age-adjusted Charlson comorbidity index [17] : a weighted score was assigned to a number of medical diagnoses, based on the relative risk of 1-year mortality and according to the patient age; scores were summed to provide a weighted index of medical comorbidity. Charlson index diagnoses include cancer, liver diseases, diabetes, kidney diseases, ulcers, connective tissue disease, chronic pulmonary disease, dementia, cerebrovascular disease, heart diseases. Depressive symptoms were assessed using the interviewer-assisted selfreport Beck Depression Inventory-II (BDI-II) [18] .
Clinical examination
Clinical neurologic examination was performed according to the International Standards for Neurological Classification of SCI from the American Spinal Injury Association (ASIA) [19] .
The presence and intensity of pain was assessed by the Numerical Rating Scale (NRS), in keeping with recommendations of the National Institute on Disability and Rehabilitation Research [20] . Patients verbally selected a number, ranging from 0 to 10, that best reflected the intensity of their pain (0 = no pain; 10 = worst possible pain).
Physical function outcome assessment
Functional independence degree in ADL and engagement in weekly LTPA were used as measures of overall physical function outcome, as previously described [15] .
Functional independence was assessed by a physiatrist (G.F.) using the Spinal Cord Independence Measure, version III (SCIM III), which represents the primary outcome measure of functional recovery for people with SCI [21] . This scale weighs the independence degree in performing each ADL separately, providing a global score ranging from 0 (totally dependent) to 100 (totally independent).
LTPA includes physical activities that people with SCI choose to do in the free time: wheeling or walking, outdoor activities, sports. These activities were quantified by the LTPA Questionnaire (LTPAQ) for People with SCI [22] . This is a self-administered SCI-specific measure of minutes of LTPA performed at each intensity (mild, moderate, and heavy intensity LTPA) over the previous week. An intensity classification chart allows patients to quantify the intensity of their LTPA, based on the perceived psychophysical effort. Only total LTPA score was used for analyses, because of its strong correlation with mild, moderate, and heavy intensity sub-scores [23] .
Biochemistry and hematology
Serum 25(OH)D levels were measured using a chemiluminescent immunoassay (LIAISON ® , DiaSorin, Saluggia, VC, Italy) with an intra-and inter-assay coefficient of 
Statistical analysis
Statistical analysis was carried out with the R statistical software (version 3.0.3, 2014, The R Foundation for Receiver operating characteristics (ROC) analyses over baseline 25(OH)D levels were used to detect threshold values providing an accurate discriminating ability in predicting 1-year worsening in physical function outcomes. Multiple logistic regression analyses were carried out in order to calculate odds ratio (OR) of 1-year worsening in physical function outcomes in patients with baseline 25 (OH)D levels below the ROC threshold values, after adjusting for confounders.
Results
A 1-year worsening in SCIM and LTPAQ scores were registered in 44 and 40 patients (66% and 60% of the study population), respectively. All patients with worsened LTPAQ scores also exhibited worsened SCIM scores; in 4 out the 44 patients who had worsened SCIM scores, the engagement in LTPA remained stable.
The baseline characteristics of the study population categorized according to the 1-year change in functional independence degree in ADL (as evaluated by SCIM) and LTPA are shown in Tables 1 and 2 , respectively. Patients who worsened exhibited significantly lower baseline 25 (OH)D levels, higher prevalence of vitamin D deficiency (25(OH)D <20 ng/mL), higher Charlson comorbidity index, and a shorter distance from injury than those who were stable or improved. The two groups did not significantly differ in terms of inflammatory status (C-reactive protein, CRP >5 mg/mL), level and completeness of the lesion, walking ability, baseline functional independence degree, and baseline LTPA engagement.
At the baseline, vitamin D deficiency was exhibited by 50 patients (75% of the study population). Although supplementation was offered at the first discharge to all vitamin D-deficient patients, the prescription adherence was extremely poor, resulting in a not significant increase in 25(OH)D levels after 1 year when compared to baseline: 25(OH)D levels ranged from 4.1 to 34.4 ng/mL (median: 12.9 ng/mL) at the baseline and from 4.1 to 32.0 ng/mL (median: 15.5 ng/mL) when re-assessed after 1 year (p = 0.36).
The three variables selected by the univariate analyses (baseline 25(OH)D levels, Charlson comorbidity index and distance from injury) were included in multiple linear regression analyses to reveal independent associations with the 1-year change in physical function outcomes. As shown in Fig. 1 , lower baseline 25(OH)D levels exhibited a significant independent association with higher percentages of 1-year worsening in both functional independence degree (β = 62.2; 95%CI: 13.3, 111.0; Fig. 1a) and LTPA (β = 43.9; 95%CI: 14.3, 73.5; Fig. 1b) . The only other independent predictor of worsened LTPA was a higher Charlson comorbidity index (Fig. 1b) .
At ROC analysis, baseline 25(OH)D levels <18.6 ng/mL discriminated patients with 1-year worsening in functional independence with a sensitivity of 91.0% and a specificity of 65.0% (area under the curve, AUC: 80.1%; 95% CI: 68.8-91.4%; Fig. 2a ) and levels <18.2 ng/mL discriminated patients with 1-year worsening in LTPA with a sensitivity of 92.5% and a specificity of 63.0% (AUC: 80.0%; 95% CI: 68.5-91.5%; Fig. 2b ).
According to these cut-off points, at the multiple logistic regression analysis adjusted for Charlson comorbidity index, distance from injury, and also for post-follow up 25 
Discussion
In the present longitudinal study, lower baseline 25(OH)D levels independently predicted higher percentages of 1-year decline in both functional independence degree in ADL and weekly engagement in LTPA in people with chronic SCI. To our knowledge, this is the first longitudinal study investigating the association between 25(OH)D levels and changes in physical function outcomes in this population. According to previous reports [13] [14] [15] [16] , in our series, a high proportion of patients exhibited vitamin D deficiency. Although a 25 (OH)D supplementation had been routinely offered to all patients with hypovitaminosis D at the first discharge, the 1-year medication compliance resulted to be extremely poor. This is not surprising: because of the risk to undergo calcium nephrolithiasis after acute SCI, people with chronic SCI often refuse dairy products intake and vitamin D supplementation [24] . Due to this poor adherence to supplementation, median 25(OH)D levels after 1 year were substantially unchanged with respect to the baseline. In any case, the independent longitudinal association between change in physical function outcomes and baseline 25(OH)D levels persisted even after adjustment for post-follow-up levels of 25(OH)D.
These findings contribute to clarify the directionality of the independent cross-sectional association between vitamin D levels and physical function outcomes which we recently demonstrated in people with chronic SCI [15] .
When the relationship between 25(OH)D levels and physical function was explored in the elderly general population, observational cross-sectional studies produced controversial results, as an association was reported by some authors [10] but not by others [12] . Similarly, conflicting data arose from prospective studies assessing the independent association between 25(OH)D at the baseline and change in physical performance/muscle strength over time [5, 9, 11] . Randomized controlled trials of vitamin D supplementation also reported mixed effects on physical performance in older general population [25, 26] . Controversial findings might result from the use of different performance measures: as only a few tests were usually employed, results from most of the studies could not be representative of the overall physical function. Indeed, an independent association of low 25(OH)D levels with high risk for falls, which reflects a poor global physical function, has been more consistently reported [5, 6] . In people with chronic SCI, the assessment of both the independence degree in ADL and the engagement in LTPA, which is correlated with aerobic fitness and muscular strength, explores the ability in performing the entire spectrum of physical activities [22] , thus representing a reliable measure of global physical function. The independent association between lower 25(OH)D levels and higher percentages of 1-year worsening in physical function outcomes, here demonstrated by using these proper endpoints, strongly suggests a causal link of vitamin D deficiency with impaired muscle functional activity. These findings would be supported by in vitro studies demonstrating an active role of muscular VDR in skeletal muscle physiology. It has been reported that this receptor modulates the activity of calcium pumps in muscle sarcoplasmic reticulum, thus regulating intracellular calcium and phosphate concentrations [27] . Muscular VDR activation also promotes cell phosphate uptake for adenosine triphosphate (ATP) generation [27] and protein synthesis [27] , also preventing type 2 muscle fiber atrophy [28] . In this scenario, a poor vitamin D status could favor the loss of muscle fibers and the impoverishment in muscle protein and ATP content with an adverse impact on skeletal muscle performance, ultimately impairing the global physical function.
Actually, especially in SCI population, hypovitaminosis D and poor physical function share a number of risk factors, including disability and comorbidity status, which could mediate their association and interplay (see Introduction). Nevertheless, in our series, patients who underwent 1-year worsening in physical function outcomes did not exhibit at the baseline a lower independence degree in performing ADL, nor a poorer engagement in LTPA, when compared to patients who were stable or improved. Moreover, level and completeness of the lesion did not differ between the two groups. Finally, although comorbidity was significantly more prevalent in the worsened group, the significant association between lower baseline 25(OH)D levels and 1-year worsening in physical function outcomes persisted in multiple regression models where Charlson comorbidity index was included as an independent variable.
Some limitations of the present study should be mentioned. Firstly, the limited sample size and the short followup, which, however, did not hinder the demonstration of significant and independent associations. Secondly, although multiple regression models were adjusted for potential predictors selected by univariate analysis, other unmeasured confounders could have influenced the associations under investigation. For example, low 25(OH)D levels might reflect inadequate intakes of nutrients involved in skeletal muscle physiology (e.g. proteins), which in turn may negatively affect the outcomes under investigations; unfortunately, detailed information regarding dietary intakes was not available in our study population. Although more comprehensive and less biased analyses of confounders, such as directed acyclic graph approaches [29] , have been proposed to identify key sets of covariates that need to be adjusted for and to explore the causal structure among the variables, their use is often hindered by the complexity of clinical issues and only randomized controlled trials could strengthen the cause-effect directionality of the associations under investigation. Finally, as another limitation, clinical peculiarities of people with SCI impose caution in extending our findings to the general able-bodied population.
In conclusion, in people with chronic SCI, low 25(OH)D levels represent independent predictors of physical function decline over time. Intervention studies are warranted to clarify whether vitamin D supplementation could maintain or improve muscle function and physical performance in these patients.
